The phenylphosphonothioate insecticides EPN and leptophos, and several analogs, were evaluated with respect to their delayed neurotoxic effects in hens and their environmental behavior in a terrestrial-aquatic model ecosystem. Acute toxicity to insects was highly correlated with la of the substituted phenyl group (regression coefficient r = -0.91) while acute toxicity to mammals was slightly less well correlated (regression coefficient r = -0.71), and neurotoxicity was poorly correlated with la (regression coefficient r = -0.35) Both EPN and leptophos were markedly more persistent and bioaccumulative in the model ecosystem than parathion. Desbromoleptophos, a contaminant and metabolite of leptophos, was seen to be a highly stable and persistent terminal residue of leptophos.
Introduction
The first reference to the chronic toxicity of phenylphosphonates was the evocation of delayed neurotoxicity in hens fed diets containing EPN [0-(4-nitrophenyl) 0-ethyl phenylphosphonothioate] (1). EPN in 1956 was a minor pesticide, and since there was no indication of human danger, this early warning was ignored. Ten years later, as the phenylphosphonothioates began to complement the alkyl phosphates in replacing the extremely persistent organochlorine pesticides, the neurotoxicity of leptophos [0-(2,5-dichloro-4-bromophenyl) 0-methyl phenylphosphonothioate] forced reconsideration of the real hazards of organophosphate-induced neurotoxicity (2) . The present study compares the toxicity of nine phenylphosphonothioates in terms of the traditional parameters of their acetylcholinesterase inhibition in flies and their acute toxicity in rats, and also in terms of their neurotoxic activity in hens. In addition, the behavior of leptophos and EPN in an aquatic-terrestrial ecosystem (3) (4) (5) is assessed in order to evaluate environmental effects and food chain transfers.
In this manner, the toxicological profiles of leptophos and EPN have been characterized with respect to their acute toxicity in target and nontarget organisms, their environmental degradation and persistence, and their chronic toxicity. Comparisons with the other phenylphosphonothioates permit some generalizations about the relationship between delayed neurotoxicity and the classical organophosphorus ester toxicity due to acetylcholinesterase inhibition. Such comparisons in turn permit realistic evaluation of the hazards which must be set against the benefits of using a particular pesticide or class of pesticides.
Materials and Methods

Ecosystem
In the terrestrial-aquatic model ecosystem studies, 5 mg of the pure "4C-labeled EPN, leptophos or desbromoleptophos, was applied from acetone solution to sorghum leaves in the terrestrial phase of the ecosystem, simulating application of these pesticides to crops. The contaminated sorghum leaves were eaten by salt marsh catepillars (Estigmene acrea), dispersing the ra-diolabeled products into the seven liters of standard reference water (6) containing plankton, alga (Oedogonium cardiacum), daphnia (Daphnia magna), and snails (Physa sp.). Subsequently mosquito larvae (Culex pipiens) and fish (Gambusia affinis) were added to complete the foodchain interactions. The entire ecosystem unit in a 10-gal aquarium was kept in a programmed environmental growth chamber for 12 hr daylight cycles of 5000 ft-candles light intensity and with constant temperature of 26 + 1°C.
At the termination of the 33-day experimental period, the organisms and water samples were collected separately and weighed. The organisms were extracted with acetone, and the water extracted with diethyl ether. The total bioaccumulation and the nature of the degradation products was determined by liquid scintillation counting and thin layer chromatography. The environmental properties of the parent compound and major metabolites were expressed quantitatively as ecological magnification (EM = concentration of parent compound in the organism/concentration of parent compound in the water) and biodegradability index (BI = concentration of polar metabolites/concentration nonpolar metabolites).
The unextractable radioactivities (water-partitioning metabolites) were assayed by the Schoniger oxygen flask technique (7). Quenching was corrected by channels ratio methods (8) . The radioassay technology, separation and identification were carried out as previously described (5).
Fly Toxicity
The insecticidal activity of the chemicals, due to the acute inhibition of acetylcholinesterase, was Observation. Hens were weighed on arrival and as necessary to calibrate dosages. In chronic dosing studies, hens were weighed every second week. All hens were observed daily in their cages and evaluated at intervals for their ability to stand, walk and fly. Because of the variability in posture, gait and activity between hens and between observations for the same hen, only gross ataxia (+2), paraplegia (+3), paralysis (+4), and quadriplegia (+5) were used to define neurotoxicity. Increased nervousness or minor disturbances of gait (+1) were noted but not used to define neurotoxic chemicals or levels of treatment.
Results and Discussion
Rho-Sigma Evaluation
The acute toxicity of organophosphorus insecticides is well known to result from their irreversible inhibition of acetylcholinesterase. This occurs in phosphonothioates (P=S) following microsomal oxidation to the corresponding phosphonates (P=O) which then undergo a bimolecular reaction with a serine hydroxyl group in the enzyme to irreversibly inactivate it (13) . The relative rates of inactivation of acetylcholinesterase by phosphonates are governed by the electrophilic properties of the phosphorus atom and these are a function of the electron-withdrawing properties of the groups attached to the phenoxy group as well as the electronic and steric properties of the November 1980 phosphonate group (14, 15) . These effects can be quantified by the Hammett p-a (rho-sigma) analysis, and by the Taft steric parameter E. (16) .
The concept of a neurotoxic esterase that is inactivated by interaction with organophosphorus ester neurotoxins (17) suggests that the reactivity, i.e., electrophilic character of the P atom, should relate quantitatively to the magnitude of neurotoxic effect in a manner similar to acute toxicity, i.e., phosphorylation of acetylcholinesterase. We icity for the phosphonothioates. The correlation coefficient for a vs. fly LD5o was r = -0.91 and for rat LD. was r = -0.71. These indicated significance at p <0.001 and p <0.05, respectively, and also show the relative efficiency of the microsomal oxidation of P=S to P=O which does not appear to be significantly affected by the electronic and/or steric character of the remainder of the molecule.
In contrast is the corresponding plot of a versus minimum neurotoxic dose (Table 3 and Fig. 2 The neurotoxic esterase theory of Johnson (17, (19) (20) (21) requires the neurotoxin to phosphorylate an esterase of unknown specificity within the nervous system. It is therefore necessary for a would-be neurotoxin to enter the nervous system in sufficient quantity, and to persist a sufficiently long time, to reach this esterase. A minimum lipophilicity and stability are required. Subsequently the neurotoxin must "fit" the enzyme sufficiently well to inhibit it, and finally the neurotoxin must possess the necessary electron-withdrawing/donating characteristics to phosphorylate the enzyme.
Thus it is not surprising that the correlation between neurotoxic activity and a is not as pronounced as the correlation between a and the acetylcholinesterase inhibition of the peripheral nervous system. It is even plausible that in some cases the requirements of persistence and lipophilicity counteract the electronegativity requirements sufficiently well that the observed results are an increase in neurotoxicity with decreasing a values, as is seen for leptophos and its desbromo analog. Precisely which aspects of molecular structure relate to fit must await either a better understanding of the natural substrate of the (Table 8 ). The highest levassessment of relative persistence, degradation els were found in snails, which accumulated paraand bioaccumulation. The design of the system thion 746-fold over the levels found in water. Environmental Health Perspectives (23) .
Desbromoleptophos, a persistent metabolite of leptophos with enhanced neurotoxic properties (24) was found in all components of the model ecosystem treated with leptophos, at levels ranging from 2% of leptophos concentration in snails, 9% in alga, 19.5% in fish, and 19.6% in mosquito Delayed neurotoxicity, in sharp contrast to acute toxicity, is not well correlated with a. The marked effect of the ethoxy-group in reducing neurotoxic potential was far more significant than alterations in a among 0-methyl phenylphosphonothioates. Since a similar benign effect of ethoxy moieties-or malignant effect of methoxy moieties-is nQt seen in methyl phosphonothioates (unpublished data), the role of the P-C bond is also of considerable importance.
The ecosystem data demonstrate the variability of persistence of organophosphorus pesticides and suggest that their degradability is relative. Recent studies on the persistence of para-oxon on citrus foliage (25) illustrate the absence of absolutes in real world residue studies, but under the standardized conditions of the terrestrial aquatic model ecosystem, both EPN and leptophos are clearly more persistent than parathion. Their potential for inducing permanent paralysis after 
